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KATRIN: 
2015—2020 outlook

Ben Monreal, UC Santa Barbara

1) Recent spectrometer news: (a) radon, (b) wire repair 
2) Source construction news & schedule 
3) Stat & systematic error outlook 
4) Upgrade ideas and needs



Electrons:

Energy (keV) Intensity (%)
Auger L      8.33    
CE K     37.50      
Auger K     59.7    
CE L    113.66      
CE M    126.45      
CE K    178.125      
CE K    200.45     
CE L    254.291      
CE M    267.081      
CE L    276.62      
CE M    289.41     
CE K    308.705      
CE L    384.871      
CE M    397.661      
CE K    424.49      
CE L    500.66         

Daniel Hilk, IEKP 3 Active Background Reduction with Electric Dipole 

Properties of Stored Electrons 

Energy range:  O(eV)  …  O(300  keV) 
Magnetron motion and trapped by magnetic mirror effect 

 
 
 
 
 
 
 
Contribution to background via ionization of residual gas molecules. 
Goal: Remove primary electrons before they create secondary electrons. 
3 possibilities for active removal: Guide electrons to 

source side, detector side, or onto the vessel wall 
 

29.10.2013 
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Ring Structures at 9 G 

Typical  Radon  ring  structures  visible  with  ≥  10  events  per  spike 
Î 2092 rings with #events, time stamps, duration, centre, radius 

       B. Monreal UofC 11/13

Radon decay in spectrometer = ionizes residual gas at high potential = background e-

1: Spectrometer news (a) Radon



Drexlin

Newly-installed cryopumping capacity = LN2-cooled baffles in front of NEG pumps
1: Spectrometer news (a) Radon



observed single background at SDS-1 

G. Drexlin – radon suppression  

! expected Rn background: 
   O (1 cps) 
     9 G setting 

2.4 

Drexlin

Baffles are good at pump-port Rn removal, less good at spectrometer volume
1: Spectrometer news (a) Radon
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Figure 1.2: Overview of electric shorts between rings and between layers
within a single ring.

T. Thümmler - SDS Components | DOE KATRIN review | July 23, 2014 

Inner Electrode Repair 
!   Situation of the Inner Electrode: 

! CuBe rods used to distribute wire electrode potentials behind 
the wire layers deformed during baking above 200 °C. 

!   Several short circuits prevent us from 
using double layer configuration.  

Figure 11: Voltage distribution module underneath port 30 with colercoded CuBe
rods. Image is taken in the cleanroom during the quality assurance before instal-
lation in the main spectrometer.

4 Repair strategies for the wire electrode below

port 30

4.1 Current situation

The eastern dipole half of ring 5 and 6 are located below port 30 in the south
east of the KATRIN main spectrometer. After the baking process the outer wire
layers of both rings are connected and the inner wire layers are short-circuited to
the outer wire layer of ring 5. Figure 11 shows the voltage distribution module
underneath port 30 after quality assurance in the cleanroom before installation
in the main spectrometer. Its foreground faces to the north and the upper part
to the cieling of the KATRIN building. The image is divided in two halfes and
the voltage distribution rods are colorcoded to keep the single rods apart. For
more reliability the voltage distribution is constructed completly redundand that
implies that rods with the same color code in upper and lower part of figure 11
induce the same potential.

To investigate all short circuits at port 30 an inspection was performed at
the beginning of June 2014. A borescope from Olympus and a dedicated LED-
lightsource was used. All picture of the KATRIN interior were taken through the

12

1: Spectrometer news (b) wire repair

Without double-layer wire configuration, 
low-energy wall electrons can wander 

into flux tube

Thummler
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  2015 2016 
  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 

SDS Phase II         

Venting / Opening         

20 weeks inside tank         

Pre Spectrometer Install.         

Closing the Vessel         

Pumping / Baking 

SDS Phase III 

SDS ORR completed         

SDS ready         

WGTS requires resources 

T. Thümmler - Preparations for SDS phase II commissioning 

SDS Schedule beyond phase II installation/upgrade 

preparation/design 

commissioning/measurement 

Unofficial



The Windowless Gaseous Tritium Source 

! T2-injection 1.8 mbar l/s = 1.7*1011 Bq/s =  40 g tritium per day 

! Temperature stabilized (ΔT<30 mK) beamline 
! 7 superconducting solenoids in driven mode 
! Challenging system regarding cryogenics, vacuum, magnet system 
! Currently under construction 
 
 

2: Source construction news & update



WGTS Mounting 

Final WGTS Mounting continues 
 

! Huge assembly tooling was prepared in time 
! 6/15 final mounting steps have been concluded without any mayor incidents 
! Skilled an experienced personal in charge of mounting strategy and control 

Fränkle & Kosmider

2: Source construction news & update



Differential Pumping System: 
magnets on test stand



Cold mass assembly 

Woosik Gil - KATRIN-CPS 

  Cold mass with beam tubes+ports, 7 magnet modules, supports, piping 

  As-built dimension of the BT and Mag.-Module assembly 

apisensor.com 

Measurement by laser tracker at room temperature  
!Dimensions at cold condition is needed for magnetic field calculation! 

Feb. ’14 

2: Source construction news & update

Cryogenic Pumping System



Systematics progress
source of achievable/projected systematic shift

systematic shift accuracy æsyst(m2
∫

)[10°3eV2]

description of final states f < 1.01 < 6

T° ion concentration n(T°)/n(T2) < 2 · 10°8 < 0.1

unfolding of the energy loss < 2

function (determination of f
res

) < 6 (including a more

realistic e-gun model)

monitoring of Ω d ∆≤
T

/≤
T

< 2 · 10°3

[E0 ° 40 eV, E0 + 5 eV] ∆T/T < 2 · 10°3

∆Γ/Γ < 2 · 10°3 <
p

5·6.5
10

∆pinj/pinj < 2 · 10°3

∆pex/pex < 0.06

background slope < 0.5mHz/keV (Troitsk) < 1.2

HV variations ∆HV/HV< 3 ppm < 5

potential variations in the WGTS ∆U < 10meV < 0.2

magnetic field variations in WGTS ∆B
S

/B
S

< 2 · 10°3 < 2

elastic e° ° T2 scattering < 5

identified syst. uncertainties æsyst,tot =
qP

æ2
syst º 0.01 eV2

Table 6: Summary of sources of systematic errors on m2

∫

, the achievable or projected accuracy of
experimental parameters (stabilization) and the individual effect on m2

∫

for an analysis interval of
[E

0

° 30 eV, E
0

+ 5 eV] if not stated otherwise (for details see individual chapters in section 11).

11.6 Expected statistical uncertainty

Since the MAC-E filter acts as an integrating spectrometer, the spectrum recorded by
varying the retarding potential U is an integral Ø decay spectrum N(qU,E0,m∫

) including
experimental effects such as the total number N

tot

of tritium nuclei in the source, the
measuring time t

U

at the retarding potential U and the response function fres. Therefore,
the simulation of Ø spectra consists of creating integral spectra

N(qU,E0, m∫

) = N
tot

· t
U

Z
E0

0

dN
Ø

dE
(E0,m∫

) · fres(E, qU)dE (98)

and adding a background component N
b

= Γ · t
U

considered to be a constant rate Γ
independent of the variation of the retarding potential U (see section 11.4.7):

N
th

(qU,R
s

, R
b

, E0,m∫

) = R
s

· N(qU,E0,m∫

) + R
b

· N
b

. (99)

The parameters R
s

and R
b

denote relative norms of the signal and the background. For
the simulation of a KATRIN-like spectrum, the expected value N

th

is randomly smeared
according to a Gaussian distribution with æ

th

(U) =
p

S + N
b

:

N
exp

(qU) = N(qU,E0,m∫

) + N
b

+ Rnd(Gauss, æ
th

(U)) . (100)
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conservative 2004 design report σsys,tot = 0.017 eV2



TRIMS
L. Bodine, D. Parno, H. Robertson 

CENPA/UW

Goal: check accuracy of  
molecular theory for 

T2 → (3HeT)+* e- ν ̅
Systematic treatment at KATRIN: 
σE((3HeT)+*) = 0.3 ± 0.003 eV 

Method: measure ratios of  
dissociation decays 

T2 → 3He+ T e- ν ̅
T2 → 3He T+ e- ν ̅
T2 → (3HeT)+ e- ν ̅

predicted by same calc.



Figure 3. CAD model of the high voltage divider and detailed view of one high voltage resistor section.
The left picture shows the complete divider without the stainless steel vessel. The upper five sections house
the 165 precision resistors and the lowermost section contains the low voltage resistors, which provide the
different scale factors. In the center the PMMA tube of the heating/cooling system is shown in gray. The
right picture shows one section of the high voltage resistor in detail. Each section contains the following
parts: 1� 33 precision resistors, 2� one high voltage capacitor and 3� one high voltage resistor of the control
divider, 4� insulated feedthrough for the precision resistor chain, 5� Nickel-plated brass mountings, 6� POM
supports, 7� Copper electrode, 8� PTFE supports.

chain. This divider is on the one hand the control divider for the driven guard and on the other
hand the capacitive chain to protect the high precision divider against transient overloads. It also
enables low precision monitoring of the applied high voltage and exhibits a built-in ripple probe
(see section 5). A circuit diagram of the K65 divider is shown in figure 2.

The complete set-up is stored in a stainless steel vessel which works as a Faraday cage to
reduce the influence of external disturbances like RF signals. Furthermore the vessel provides
a sealed surrounding for an atmosphere of dry nitrogen gas at a slight overpressure of 70mbar
allowing a temperature stabilisation and avoiding humidity-driven leakage currents .

The temperature stabilisation is realized by a water circulation heating-cooling system. Thus
the voltage divider is decoupled from the electrical components of the heating-cooling system to
avoid possible noise from external devices. The main components outside the high voltage divider
vessel are a thermoelectric cooler/heater with a heat exchanger and a water pump. Inside the vessel
a second heat exchanger connects the temperature of the water with the one of the dry nitrogen
atmosphere. A fan transports the nitrogen through a tube made from PMMA7 via bores in the
tube wall to the resistors. The bores were optimized to control the thermal distribution inside
the divider (see section 4). The control of the system is done by a PID8 controller, realized with
the software LabView. The humidity inside the stainless steel vessel is monitored by a humidity

7Polymethylmethacrylate, also known as acrylic glass under the trade name Plexiglass
8Proportional-integral-derivative controller

– 6 –

  

R1

R2

R32

R33

Uin

R1-33

R34-66

R67-99

R100-132

R133-165

RLV

RCDCCD

RCDCCD

RCDCCD

RCDCCD

RCDCCD

RCD,LV

CCD,LV

Uout,100:1

Uout,566:1

Uout,1818:1

Uout,3636:1

2 x RLV,1

2 x RLV,1

2 x RLV,2

2 x RLV,3

3 x RLV,4

3 x RLV,4

CCD,LV 2 x RCD,LV1

2 x RCD,LV2

Uout,CD

R1 to R165 = 880kΩ

RCD = 36MΩ

RCD,LV1 = 90kΩ

RCD,LV2 = 1MΩ

RLV1 = 1.2MΩ

RLV2 = 600kΩ

RLV3 = 880kΩ

RLV4 = 121kΩ

CCD = CCD,LV = 7nF

Figure 2. The equivalent circuit of the K65 divider. The low voltage part of the primary divider is shown in
detail in the lower right inset. The tap of the built-in ripple probe including the additional resistor RCD,LV2 is
shown in the lower left inset. The corresponding values are listed in the upper left part of the picture.

of the corresponding scale factors are 3636:1, 1818:1, 566:1 and 100:1 and the exact values are
determined in measurements at the PTB (see sec. 6) and at the Institut für Kernphysik, University
of Münster, Germany. The scale factor to be used for standard measurements at KATRIN is the
1818:1 scale factor. For high voltage measurements above |U | =36kV the 3636:1 scale factor is
used, because the high precision measurement range of the multimeter (Fluke 8508A) is limited
to 20V. Additionally high resolution measurements for voltages up to 11kV are possible because
of the 566:1 scale factor. The 100:1 scale factor is necessary for calibration purposes, since the
commonly used reference divider Fluke 752A can measure voltages up to 1kV with an accuracy of
0.5ppm [11].

At the K65 the high voltage resistor chain is divided into five sections of 33 resistors each,
separated by copper electrodes which form a driven guard (see fig. 3). The high precision resis-
tors are arranged in a helix which changes direction after each section (see fig. 3) to minimize
the inductance of the resistor chain. All resistors are mounted on nickel-plated brass mountings.
These mountings are fixed on PTFE supports, which offer high-insulating resistances. The copper
electrodes are mounted on supports made from POM6 (see fig 3).

A second resistive-capacitive divider chain is connected parallel to the high precision divider

6Polyoxymethylene

– 5 –

High-voltage stability
Design requirement: ΔV/V < 1.5 ppm/month 

Obtained: 0.1 ppm/month

4.6 Low voltage calibration 79

Date
2009
May

2010
Dec

2012
Jul

2014
Jan

sc
al

e 
fa

ct
or

100.51475

100.51480

100.51485

100.51490

100.51495

100.51500

negative positive

Date
2009
May

2010
Dec

2012
Jul

2014
Jan

sc
al

e 
fa
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or

1818.104

1818.106

1818.108

1818.110

1818.112
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1818.116

1818.118

negative positive

Date
2009
May

2010
Dec

2012
Jul

2014
Jan

sc
al

e 
fa

ct
or

3636.265

3636.270

3636.275

3636.280

3636.285

3636.290

negative positive

Figure 48: Results of the low voltage calibration of the K65. Shown is the scale factor measured
with the low voltage calibration over time. The dashed black lines denote the ±1 ppm region around
the mean value.

Stephan Bauer 
Ph.D. thesis, 
Münster 2013



T2 source stability
Monitoring of the operating parameters of the KATRIN WGTS 25

Figure 12. (a) Bremsstrahlung spectrum and characteristic X-rays, measured with
the TriRex setup, together with the calculated bremsstrahlung spectrum for a tritium
partial pressure of (0.8 ± 0.1)mbar and a total activity of (1.4 ± 0.1) · 1011 Bq. The
total intensity of the calculated spectrum was fitted to the measurement. (b) Corrected
integral count rate vs. tritium partial pressure (error bars are included) taken with
the TriReX setup. The corrected integral count rate is the integral count rate minus
the memory e↵ect signal Ṅ = (35.2± 0.3) cps after the evacuation of the system. The
starting pressure of 0.098mbar equates to (8.3±0.8) ·109 Bq. The system was pumped
down in successive steps to a final pressure of 0.001mbar.

with Cr, Fe, Mn and Mo which are present as trace constituents in the stainless steel

vacuum vessel. Two further peaks at higher energies are caused by the gold coatings of

the beryllium windows. The characteristic X-rays provide the unique possibility of an in-

situ energy calibration of the system. The cut-o↵ below 2 keV is caused by absorption of

the X-rays within the beryllium windows; the energy threshold of the detector had been

set to  150 eV. The shape of the measured bremsstrahlung spectrum agrees well with

calculations using the analytical model from [42] and the mass attenuation coe�cients

taken from [43].

With the observed count rate of Ṅ = 14486 cps, the necessary statistical precision

of �
prec

= 0.1% is reached in t  70 s measurement time within TriReX. For pressures

lower than ⇡10 mbar the integral count rate depends in principle linearly on the activity

in the recipient [44]. Deviations from linearity as seen in figure 12 (b) are most likely

caused by outgassing e↵ects. The TriReX setup could not be baked out because of

design limitations. Therefore outgassing from the walls during the pump-down causes

an activity signal which is lower than expected because of the decreasing tritium purity.

Also a tritium memory e↵ect has been observed because of tritium adsorption on the

walls. This memory e↵ect causes an increasing background signal after each tritium

measurement run.

The achievable count rate in the Control and Monitoring Section (CMS) for the

WGTS setup depends on (i) the final geometry of the rear wall and the X-ray detector;

(ii) the thickness and the layer composition of the rear wall; and (iii) the number of

implemented X-ray detectors. However, the measured spectra here agree well with the

Monitoring of the operating parameters of the KATRIN WGTS 17

Figure 7. (a) Results of an individual pressure-control run. The pressure in the
WGTS bu↵er vessel is shown for several hours of deuterium circulation and a pressure
set-point of 15mbar. The dashed line represents the 1� requirement for KATRIN
operation. (b) Measured pressure fluctuation as a function of the mean pressure during
nitrogen circulation, as measured for di↵erent set-points.

bu↵er vessel, for a set-point of 15 mbar.

The corresponding gas flow is stable within 120.4±0.5 sccm, with a temperature

fluctuation of the bu↵er vessel of ±0.125 K at 318 K. Fourier analysis of the pressure

trends shows no indication for periodic short term (seconds/hours) or long term

(days/weeks) fluctuations.

For calibration (see e.g. section 4.5) and verification reasons, the pressure

stabilization is designed to operate between p
1

⇡ 1mbar and p
1

⇡ 20mbar. A

series of pressure stability tests at di↵erent pressures has been made with N
2

filling.

The results are shown in figure 7 (b). The observed fluctuations are well within

the KATRIN requirement for all pressure set-points. In particular, for the standard

KATRIN conditions with a pressure set-point of p
1

⇡ 15 mbar and only negligible

temperature fluctuations on the connection line to the WGTS, the Inner Loop performs

nearly an order of magnitude better than the 0.1% limit required by KATRIN, for both

deuterium and N
2

.

To examine the e↵ect of a temperature variation of the WGTS connection line, the

WGTS bypass is equipped with an electrical heater to simulate temperature changes

resulting in a di↵erent conductance. The temperature T
bypass

was varied in four steps

over an interval of ⇡ 20 K within a few hours. This exceeds the expected fluctuations

under KATRIN conditions by three orders of magnitude. Such extreme variations of

up to 20 K do not a↵ect the pressure to such an extent that the KATRIN 0.1% limit

would be surpassed. For a variation �T
bypass

of ⇡ 2 K (still ⇡ 100 times the KATRIN

specification), no visible influence on the pressure stabilization has been observed.

Therefore, it can be concluded from these test measurements that the Inner Loop fulfils

and even exceeds the requirements for KATRIN.

branch and the T2 (S1, J’’=2) peak. 7 The overlap was not 
considered in the analysis of the spectra, which thus 
results in an overestimate of the peak intensity for the 
DT Q1-branch.  

During the circulation period the laser power 
decreased by about 20 %, and in unison so did all absolute 
peak intensities. The variations can mainly be attributed to 
thermal influences on the laser. For clarity, and to allow 
for easier comparison, all spectra in Fig. 5 were normal-
ized to the peak intensity of the T2 Q1-branch, in order to 
eliminate the effect of decreasing laser power.  

As in the case of the mixtures with low levels of 
tritium only minor changes of the relative concentration 
of the non-tritiated isotopologues could be observed (see 
Fig. 6). In contrast, the concentrations of the tritiated 
species varied strongly. The relative intensity of the 
T2 Q1-branch decreased to about 94 %, while the relative 
intensities of the DT and HT peaks continuously in-
creased to about 3 %. The expected reduction of T2 
concentration in the sample, due to β-decay, is below 
0.5 % and thus not sufficient to explain the observed 
change in composition. In addition, further features in the 
spectral range 1600−1800 cm-1, and around 2250 cm-1 and 
3000 cm-1 slowly appeared during the long-term monitor-
ing. These features can be correlated to vibrational excita-

tions of tritiated methane species, such as CT4, CDT3 and 
CHT3. 17 The ν1-mode peaks associated with CHT3 and 
CDT3 at around 1750 cm-1 could not be resolved 
individually with our spectrograph and CCD combination, 
and hence are jointly treated in the following. The 
methane ν1-mode peaks were included in the calculation 
of relative intensities, since not merely hydrogen 
isotopologues were present in the gas mixture.  

The observed compositional changes are caused by 
hydrogen isotope exchange reactions and gas−wall 
interactions with the stainless steel tube walls, which both 
are triggered by the released energy from tritium β-
decay. 18-21 Both effects will be discussed in more detail in 
the following paragraphs.  

The time evolution of the T2, DT and HT concentra-
tions is described reasonably well by a double-exponential 
( ) 2//

0
1 ττ tt eBeAytf −− ⋅+⋅+=  trend, with a common short 

time constant τ1 ≈ 11-22 h and different, longer time 
constants τ2 ≈ 100 h (for DT), τ2 ≈ 1000 h (for HT) and 
τ2 ≈ 2000 (for T2). The short time constant τ1 is compa-
tible with measurements of Uda et al, 18 who studied 
hydrogen isotope exchange reactions in glass cells. The 
longer time constants τ2 are more likely related to gas − 
wall interactions than to gas − gas interactions. Since H2 
had been the main constituent of most gas samples in 
LOOPINO before this measurement, a non-negligible 
amount of hydrogen atoms was dissolved in the tube 
walls. After filling LOOOPINO with the high purity 
tritium mixture the hydrogen atoms started to diffuse back 
into the gas volume, while tritium atoms were dissolved 
in the walls. This process did not stop within the 
measurement period due to the evidently rather large 
amount of hydrogen atoms in the tube walls and the high 
tritium concentration in the gas. Since LOOPINO was 
also operated with deuterium in prior test measurements, 
the formation of DT is very likely based on the same 
mechanism, but with a smaller initial deuterium concen-
tration in the tube walls. The formation of DT therefore 
slowed down after 2-3 days due to the decreasing 
concentration of deuterium atoms in the tube walls, which 
yields to a significant smaller time constant τ2 for DT than 
for HT.  

The concentrations of the tritiated methane species 
increase nearly linearly within the measurement period. 
The formation of tritiated methane species in presence of 
tritium gas and stainless steel was demonstrated by 
Morris, 21 who tested the influence of surface cleanliness 
of test vessels (volume 293 cm3, 353 cm2 inner surface) 
on the methane formation rate. For about 70 % of all 
investigated samples Morris found that, saturation of the 
methane concentrations occurred after 20-80 hours. The 
absence of saturation effects in our measurement is not 
surprising when taking into account the ×50 factor larger 
surface-to-volume ratio of LOOPINO (volume about 
2000 cm3, 1.2×105 cm2 inner surface).  

Fig.  6: Time evolution of relative intensities of hydrogen 
isotopologues and tritiated methane species in the sample. 
 

Injection pressure 
stability 

require 0.1% 
obtained 0.01%

LNe temperature  
stability 

require 30mK 
obtained ~3mK

Bremsstrahlung  
source activity monitor

Raman 
source 

composition 
monitor 



Systematics progress

source of achievable/projected systematic shift

systematic shift accuracy æsyst(m2
∫

)[10°3eV2]

description of final states f < 1.01 < 6

T° ion concentration n(T°)/n(T2) < 2 · 10°8 < 0.1

unfolding of the energy loss < 2

function (determination of f
res

) < 6 (including a more

realistic e-gun model)

monitoring of Ω d ∆≤
T

/≤
T

< 2 · 10°3

[E0 ° 40 eV, E0 + 5 eV] ∆T/T < 2 · 10°3

∆Γ/Γ < 2 · 10°3 <
p

5·6.5
10

∆pinj/pinj < 2 · 10°3

∆pex/pex < 0.06

background slope < 0.5mHz/keV (Troitsk) < 1.2

HV variations ∆HV/HV< 3 ppm < 5

potential variations in the WGTS ∆U < 10meV < 0.2

magnetic field variations in WGTS ∆B
S

/B
S

< 2 · 10°3 < 2

elastic e° ° T2 scattering < 5

identified syst. uncertainties æsyst,tot =
qP

æ2
syst º 0.01 eV2

Table 6: Summary of sources of systematic errors on m2

∫

, the achievable or projected accuracy of
experimental parameters (stabilization) and the individual effect on m2

∫

for an analysis interval of
[E

0

° 30 eV, E
0

+ 5 eV] if not stated otherwise (for details see individual chapters in section 11).

11.6 Expected statistical uncertainty

Since the MAC-E filter acts as an integrating spectrometer, the spectrum recorded by
varying the retarding potential U is an integral Ø decay spectrum N(qU,E0,m∫

) including
experimental effects such as the total number N

tot

of tritium nuclei in the source, the
measuring time t

U

at the retarding potential U and the response function fres. Therefore,
the simulation of Ø spectra consists of creating integral spectra

N(qU,E0, m∫

) = N
tot

· t
U

Z
E0

0

dN
Ø

dE
(E0,m∫

) · fres(E, qU)dE (98)

and adding a background component N
b

= Γ · t
U

considered to be a constant rate Γ
independent of the variation of the retarding potential U (see section 11.4.7):

N
th

(qU,R
s

, R
b

, E0,m∫

) = R
s

· N(qU,E0,m∫

) + R
b

· N
b

. (99)

The parameters R
s

and R
b

denote relative norms of the signal and the background. For
the simulation of a KATRIN-like spectrum, the expected value N

th

is randomly smeared
according to a Gaussian distribution with æ

th

(U) =
p

S + N
b

:

N
exp

(qU) = N(qU,E0,m∫

) + N
b

+ Rnd(Gauss, æ
th

(U)) . (100)
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exceeded x10

exceeded x15

TRIMs will clarify

Angular-selective 
e-gun will help

exceeded x10
exceeded x2

Conservative design report σ = 0.017 eV2
with known source hardware σ = 0.0085 eV2



Activity Neutrino mass 
sensitivity

2015 Commissioning

2016 Transition to tritium ~1 eV

2017 Running 0.4 eV

2018 Running 0.3 eV

2019 End of run, upgrades? 0.2 eV

2020 Upgrade runs?



Short version: 
KATRIN source and spectrometer should begin science 

operations in fall 2016.

My prediction is that KATRIN will eventually underperform  on 
statistics but overperform on systematics, which is good.



Future upgrades: TOF
• Steinbrink et al 2013 New J. Phys. 15 113020

If it’s possible to tag 
electron start time:

push 3y sensitivity to 0.1 eV?

If you "chop" the source 
every 40µs 

same statistical sensitivity as  
KATRIN, possible different systematics=high-risk R&D? Project 8? = new run mode, needs study



Future upgrades: sterile 
Mertens et. al., arXiv:1410.7684
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Figure 1. a: A tritium �-decay spectrum with no mixing (dashed black line) compared to a spectrum
with a keV sterile neutrino mass of 10 keV and a mixing angle of sin2 ✓ = 0.2 (solid red line). One can
clearly see a kink-like signature of the keV-scale sterile neutrino at the electron energy E = E

0

�m

s

and its influence on the spectral shape below the kink energy. b: Ratio of a tritium �-decay spectrum
without mixing and a spectrum with a 10 keV neutrino mass and a mixing amplitude of sin2 ✓ = 10�7.
The error bars correspond to a total statistics of ⇠ 1018 electrons, as would be achieved with the
KATRIN tritium source after 3 years of measurement time.

2.2 Imprint of Active-Sterile Neutrino Mixing on the Beta-Decay Spectrum

In the following analysis we assume a single heavy mass eigenstate m

s

and an effective light
neutrino mass eigenstate m

light

. In this scenario the differential spectrum can be written as

d�

dE

= cos2 ✓
d�

dE

(m
light

) + sin2 ✓
d�

dE

(m
s

), (2.5)

where ✓ describes the mixing between the light and heavy states, and predominantly
determines the size of the effect on the spectral shape. The light neutrino mass m

light

is set
to zero in our analysis, as m

s

>> m

light

is assumed. Figure 1a shows for an (unrealistically)
large mixing angle of ✓ ⇡ 26�, how an admixture of a heavy mass eigenstate of m

s

= 10 keV
manifests itself in the shape of the tritium �-decay spectrum.

In the energy region E < E

0

�m

s

, the tritium � decay into a keV-scale sterile neutrino is
energetically allowed, leading to a kink in the spectrum at E

kink

= E

0

�m

s

. Due to its large
mass, a keV-scale sterile neutrino is still non-relativistic at energies of a few keV, resulting in
a characteristic spectral modification in the electron energy range up to E < E

kink

.
Current astrophysical observations limit the size of the mixing amplitude to sin2 ✓ <

10�7 [31]. In the case of very small mixing, it is helpful to visualize the effect of a keV-scale
sterile neutrino as the ratio of the spectrum with and without mixing, as shown in figure 1b.
Taking into account the statistical error bars expected for a total statistics of ⇠ 1018 electrons
(as expected from the KATRIN tritium source, see section 3), a small mixing amplitude of
sin2 ✓ ⇡ 10�7 still leads to both a clearly visible kink signature and an extended spectral
distortion for E < E

kink

.
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Figure 10. a) Weighting factors !ij expressing the error correlation length for �E = 5 keV. b)
Covariance matrix as defined in equation 6.4 for ⇢ = 0.5%.

�

2 is computed at each grid point in the (m
s

, sin2 ✓) plane, while fixing all theoretical param-
eters to their expected values, keeping only the overall signal count rate as an unconstrained
free parameter.

Figure 11 shows the sensitivity for different efficiency uncertainties ⇢ and different cor-
relation lengths �E. The sensitivity depends strongly on the correlation length. In the
case of a fully uncorrelated error of the order of ⇢ = 10�3 the sensitivity is reduced to
sin2 ✓ ⇡ 1 · 10�3. Considering a more realistic case including a correlation over an energy
range of �E = 0.5 keV, the result is improved and interestingly, the dependence on ⇢ is
strongly reduced. For a correlation length of �E = 5 keV, a sensitivity of sin2 ✓ ⇡ 1 · 10�7

can be reached for ⇢ as large as a few percent.
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Figure 11. Exclusion curves
for different correlation
lengths �E and different
sizes of systematic uncer-
tainties ⇢. The thin lines
correspond to a value of
⇢ = 0.5%, the bold lines to
⇢ = 0.05%.

We conclude that any uncorrelated uncertainties will strongly affect the final sensitivity.
Precise calibrations, simulations, and understanding of correlations will be essential when
performing a differential measurement of tritium �-decay spectrum to hunt for keV-scale
sterile neutrinos. As this approach is general in its nature, this conclusion holds true for a

– 17 –

Kink in tritium spectrum due to sterile neutrino Sterile neutrino sensitivity of dedicated KATRIN
run, 3y statistics on full spectrum, realistic systematics

"Full spectrum" = huge count rate (1011/s)  at detector.   
Needs complete new detector system: large pixel count and fast electronics.  



US needs:

• 2015: Detector upgrades, Rear Section 
commissioning 

• 2016—: funding & people for operations



B field →

T2 gas at P < 1mT

Microwave antennae

The Project 8 concept

• emitted by mildly relativistic 
electrons

• Coherent, narrowband

• 10-15 W per electron

• Electron energy contributes to 
velocity v, power P,  frequency ω

• Can we detect this radiation, 
measure v, P, ω, and determine E 
± 1 eV?

Cyclotron radiation

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

THE CYCLOTRON FREQUENCY

•Electron on a magnetic field: cyclotron motion 
•Emitted cyclotron radiation depends on electron kinetic energy 
!

!

!

!

!

!

!

!

•New spectroscopy technique: measure cyclotron radiation emission as 
a precise measure of the kinetic energy of single electrons! 

•Cyclotron Radiation Emission Spectroscopy (CRES) 
•Formaggio and Monreal, Phys. Rev. D 80, 051301(R), 2009

7

B-field
fc =

eB

2⇡m

f� =
fc
�

=
eB

2⇡(me +K/c2)
Relativistic correction:

       B. Monreal Madison 01/15

BM & Formaggio, PhysRevD 2009
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BM & Formaggio, PhysRevD 2009
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PROJECT 8 PROTOTYPE - THE DETECTOR
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Waveguide cell

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

MAGNETIC TRAP

•Single coil at center of gas cell - harmonic magnetic trap 
•Trap electrons until they collide with gas atoms 
•Trap depth ≤ −8.5 mT 
•Deeper traps have larger pitch angle acceptance 
⇒ can trap e- with smaller pitch angles:
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PROJECT 8 PROTOTYPE

•Goal: demonstrate feasibility 
of detection of single 
electrons through the 
measurement of cyclotron 
radiation 
•Cyclotron Radiation Emission 
Spectroscopy (CRES) 

• 83mKr gas source 
•Currently assembled at the 
University of Washington 

•Data Taking Campaign started 
on June 2014, ongoing 

•First Results: Arxiv 1408.5362

15

RF chain and reciever

       B. Monreal Madison 01/15
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FIRST DATA

•First detection of single-electron cyclotron radiation 
•Data taking started on 6/6/2014 - immediately showed trapped electrons 
•Arxiv: 1408.5362

23

First event

       B. Monreal Madison 01/15

Asner et. al., arxiv:1408.5362, PRL in review
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FIRST DATA

•First detection of single-electron cyclotron radiation 
•Data taking started on 6/6/2014 - immediately showed trapped electrons 
•Arxiv: 1408.5362
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FIRST DATA - MORE TRACKS (1)

26

17.8 keV event

       B. Monreal Madison 01/15
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FIRST DATA - MORE TRACKS (2)

27       B. Monreal Madison 01/15
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FIRST DATA - MORE TRACKS (3)

28

negative jump → change 
 in pitch angle
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Project 8 - Trap Scan of the 17.8 keV peak

v2 - 2014/09/02

Luiz de Viveiros

We characterize the shape of the 17.8 keV peak versus trap current for the data acquired on
20140829, using the tracks identified by the DBSCAN algorithm in Katydid.

Contents

I. Data Acquisition and Analysis 1

II. Peak shape vs Trap Current 2
A. Magnetic Field Calibration 2
B. Event Rate 2
C. Peak Width 3

III. Energy Calibration and Resolution 4

References 6

I. DATA ACQUISITION AND ANALYSIS

We performed a sweep of trap currents from 0 A to 1 A in steps of 0.2 A, and another dataset at 2 A. We
acquired 200 s of data at a single LO frequency for trap current, selected to place the 17.8 keV peak in the center
of the acquisition+analysis bandwidth. The objective of this data is to determine the ideal trap setting for a long
acquisition run.

We use the DBSCAN algorithm in Katydid to identify tracks and events in the data. Figure 1 shows the number of
events vs initial frequency (after mixer 1) for each trap current. No events were observed for the dataset taken with
200 mA and 0 mA. We select the peaks in the range of 1460-1560 MHz, corresponding to the Kr peaks at 17.8 keV,
and fit them with Skewed Gaussian curves to obtain the peak shape.
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Figure 1: Histogram the initial frequency of the first track in each event, for each trap current, for the 20140829 dataset.

4

III. ENERGY CALIBRATION AND RESOLUTION

We use the magnetic fields calculated for this dataset in Section IIA to calibrate the conversion from initial track
frequency to energy, and plot a histogram of event energies for each trap current (see Figure 5). We illustrate the
change in peak shape by plotting all fits together, aligning them at 17.8 keV and normalizing their height to 1 (see
Figure ). A plot of the peak width � in keV vs trap current shows the change in energy resolution with trap depth
(see Figure 7).
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Figure 5: Energy histogram for di↵erent trap currents for the 20140829 dataset.
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Figure 6: Fits to the energy distribution for each trap current, normalized to 1 and aligned to 17.8 kV (20140829 dataset).

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

MAGNETIC TRAP

•Single coil at center of gas cell - harmonic magnetic trap 
•Trap electrons until they collide with gas atoms 
•Trap depth ≤ −8.5 mT 
•Deeper traps have larger pitch angle acceptance 
⇒ can trap e- with smaller pitch angles:
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First run: 
σE = 100 eV

Best obtained so
far: σE = 10 eV

Not a 
fundamental 
limit!   New runs 
will have more-
uniform B field in 
trap.



Reconstructed energy (keV)
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it is not an applicable strategy because a collision-dominated resolution function cannot be much

broader than the neutrino mass e↵ect sought. Systematic uncertainty in the resolution will limit

the density.

There is a simple relationship between the uncertainty in the variance of an instrumental reso-

lution contribution and the corresponding uncertainty introduced in the neutrino mass:

�m2
⌫
⇡ 2�2

res

. (13)

Each of the resolution components in Eq. 10 has an associated uncertainty that propagates into

the neutrino mass. For concreteness, we assume that the distributions are each known to 1%.

ν2 , e
V2

FIG. 1. Uncertainty obtainable as a function of volume under observation for various choices of number

density per cm3. Systematic uncertainties due to imperfect knowledge of contributions to the resolution are

included. The frequency chosen is 26.5 GHz, the field is uniform to 0.1 ppm rms, the source temperature

for molecular T2 is 30K and for atomic T it is 1K, and the background is 10�6 per second per eV. The

e�ciency factor �⌦ is taken as unity for the e↵ective volume, and the live time is 3⇥ 107 seconds.

Figure I shows calculated neutrino mass statistical and systematic sensitivities for various

choices of number density, as a function of volume. Absent knowledge of the scattering cross sec-

tion for 18-keV electrons on atomic tritium, the cross-section cited by Aseev et al. [15], 3.4⇥ 10�18

Project 8 sensitivity estimates:
Small and high-density or large and low-density?

Neutrino mass limit, eV (90% CL)

Details:  B=1 Tesla, background = 1 µHz/eV,  livetime 1y, angular acceptance 1 ster, 
pressure broadening known to 1%, field broadening < 10-7 

10-9 m3

If source is too dense, limit is 
systematic error on linewidth

(approx. 0.25 eV)
accessible with 2 mCi, 1 liter

Molecular tritium final-state 
uncertainty (0.1 eV)
~20 mCi, 100 liter

Atomic T experiment  
200 mCi, 5 m3

normal hierarchy

inverted hierarchy

More statistical sensitivity by
packing more T into your 

source

       B. Monreal Madison 01/15



P8 in large volumes

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

DESIGN OF POSSIBLE NEUTRINO MASS EXPERIMENT

•Larger volume ⇒ Large bore, ~ 1 T uniform magnet 

•RF picked up by phased array of patch antennas

40

Superconducting magnet coils

Superconducting magnet coils

radiation

amplifiers
mixers
detectors

antenna

delay loops

endcap

transverse antenna array 

transverse antenna array 

source 
T  gas2

decay electron

decay electron

phase

patch antenna configuration

Cartoon from BM & JF 2009 Mark Jones, PNNL design



solenoid coil = uniform 0.5T ± 5uT

SmCo 
magnetic 
bottles
1.5T

SmCo 
magnetic 
bottles
1.5T

antenna feedhorns
ampule/cavity #1

ampule/cavity #2

ampule/cavity #3

ampule/cavity #4

RF system

P8 in large volumes
Waveguide straw concept



Early ideas for atomic T
Goal: remove 0.3 eV smearing of spectrum due to THe ion final states
Remove systematic uncertainty on that smearing
Challenge: need extremely low T2 fraction

• Dissociate T2 gas
• Inject into multi-cusp 

Ioffe trap
• T atoms retained 

(t=?) in trap interior
• T2 freezes to cold 

walls
• 3He buffer gas 

cooling?
• B field uniformity?

T

T

T

T

T

T T

T2

T2

T2

T2



Project 8 needs

• 2015: 

• Kr, Xe, T2 running in 
existing magnet

• R&D on scalable 
antenna, trap, DAQ

• 2016—2017

• Scale up to ~1 liter

• atomic T experiments

• 2018—

•  First shot at new ν 
mass sensitivity

• General sense: "we’re not 
racing to beat KATRIN to 
the T2 result"

• Most important outcome 
is a viable atomic-T 
experiment and 
dramatically-new 
sensitivity 


